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A growing number of neurodegenerative conditions, such as 
sporadic Creutzfeldt-Jakob disease (sCJD), Alzheimer's disease (AD), 
and Parkinson's disease (PD), are associated with accumulation of 
iron in the brain. The underlying cause is complex and only partially 
known. A better understanding of whether iron plays a primary or 
secondary role in disease pathogenesis is desirable and is likely to 
help in the development of disease-specific therapeutic strategies. 

Is Brain Iron Dyshomeostasis Primary or 
Secondary to Neurodegeneration? 

Iron is essential for vital metabolic processes, but unshielded 
iron is toxic via Fenton chemistry. Iron metabolism is, therefore, 
tightly regulated to maintain homeostasis at the cellular, organelle, 
and systemic levels. Nonetheless, iron accumulates in several brain 
disorders. The mechanism underlying iron-induced neurotoxicity 
is evident in disorders where the function of the pathogenic pro- 
tein in cellular iron metabolism is known, and consequences of 
dysfunction or absence are predictable, as in hereditary ferritino- 
pathy and aceruloplasminemia. Ambiguity arises for neurodegen- 
erative conditions, such as sCJD, AD, and PD, where brain iron 
dyshomeostasis is associated with aggregation of proteins with 
poorly defined function [1]. The diverse etiology and pathophys- 
iology of these disorders suggests that iron accumulation follows 
neuronal death and is therefore of little therapeutic significance. 
Emerging data, however, requires a reconsideration of this concept. 
First, principal proteins implicated in the pathogenesis of sCJD, AD, 
and PD participate in cellular iron metabolism, and their aggrega- 
tion induces specific changes in the expression of iron modulating 
proteins in the brain and cerebrospinal fluid (CSF), some reaching 
diagnostic significance [2,3]. Second, sequestration of iron in 
aggregated protein complexes induces functional iron deficiency 
despite increased redox-active iron, escalating the neurotoxicity 
[4,5] . Lastly, a coping response from surviving neurons worsens the 
iron dyshomeostasis and associated neurotoxicity [4] . 

An additional layer of complexity is introduced by the secondary 
effects of inflammation, microgliosis, and astrocytosis that follow 
neuronal insult, each causing distinct changes in brain iron 
metabolism through specific pathways. The distinction between 
primary and secondary events blurs with disease progression, fueling 
the controversy on whether brain iron dyshomeostasis is primary or 
secondary to disease pathogenesis [6] . 

How Does the Brain Maintain Iron Homeostasis? 

All brain cells are bathed in CSF that provides iron and other 
nutrients necessary for survival. Transport of transferrin (Tf)-iron 
and non-Tf-bound iron (NTBI) from the systemic circulation to 
the CSF across the blood brain barrier (BBB) is mediated by the 
transferrin receptor (TfR) and metal transporters respectively. 
Both Tf-iron and NTBI are in the relatively nonreactive oxidized 
(Fe 3+ ) form, requiring reduction to Fe 2+ by ferrireductase (FR) 
proteins for transport across lipid bilayers. Known FR proteins 
include duodenal cytochrome b (dcytb), steap 2 and 3, and the 



prion protein (PrP c ) [1,7,8]. Known metal transporters include 
divalent metal transporter- 1 (DMT1), Zip8, and Zipl4 [1]. 
Transported Fe 2+ joins the labile iron pool (LIP) of endothelial 
cells, is oxidized and stored by cellular ferritin, or is exported to the 
CSF through the coupled action of ferroportin (Fpn) and 
ceruloplasmin that oxidizes released Fe 2+ to Fe' 1+ that binds CSF 
Tf or circulates as NTBI (Figure 1) [1], 

Neurons take up both Tf-iron and NTBI, astrocytes lack TfR and 
utilize only NTBI, and oligodendrocytes acquire iron from Tf and 
ferritin. Microglia recycle iron from phagocytosed cells and 
internalize excess NTBI for storage (Figure 1). Individual cells 
maintain iron homeostasis by the coordinated effort of iron 
regulatory proteins (IRPs) that bind to iron responsive elements 
(IREs) on the transcripts of iron uptake and storage proteins, 
modulating their stability and translation based on cellular iron 
needs. Iron deficiency causes up-regulation of Tf, TfR, and DMT1, 
and down-regulation of ferritin. The converse occurs in iron 
overload [1]. This mechanism ensures iron availability without any 
unshielded Fe" + and is especially important in the brain since iron 
saturation of CSF Tf is 100% as opposed to ~30% for serum Tf, 
leaving little buffering capacity against excess iron. 

Are Prion Disorders Associated with Brain Iron 
Dyshomeostasis? 

Prion disorders result from the change in conformation of prion 
protein (PrP c ) to a misfolded PrP-scrapie (PrP Sc ) form that 
accumulates in the brain parenchyma. Brain iron dyshomeostasis 
is a prominent feature of human and animal prion disorders and has 
been reported by several laboratories using unrelated techniques and 
experimental models. Biochemical analysis of brain tissue from sCJD 
and scrapie-infected mouse and hamster models shows increased 
reactivity for redox-active iron and, paradoxically, a phenotype of 
neuronal iron deficiency [4,9]. Pre-mortem CSF from sCJD cases 
reflects these changes, allowing discrimination from other dementias 
with a high degree of sensitivity and specificity [2] . A systems biology 
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Figure 1. Iron transport in the brain. Plasma Tf-iron is taken up by 
the Tf/TfR pathway, and NTBI by the metal transporters DMT1, Zip8, or 
Zipl 4 on the apical plasma membrane of capillary endothelial cells and 
transported across the basolateral membrane to brain interstitial fluid 
and CSF by the coupled action of Fpn and the ferroxidase 
ceruloplasmin (Cp) secreted by astrocytes. Cp oxidizes Fe 2+ to Fe 3+ 
that binds CSF Tf or circulates as NTBI. Astrocytes lack TfR and utilize 
NTBI that requires reduction to Fe 2+ by FR proteins dcytb, steap3, or 
PrP c before uptake by metal transporters. Microglia store iron released 
from phagocytosed cells and excess NTBI in the extracellular milieu in 
ferritin. Neurons take up Tf-iron by the Tf/TfR pathway, and NTBI 
through metal transporters as in astrocytes. Oligodendrocytes synthe- 
size and utilize Tf-iron and also take up ferritin iron by the Tim-2 
receptor. Internalized iron contributes to the cytosolic labile iron pool 
for metabolic purposes and excess is oxidized and stored in ferritin. 
Most cells express Fpn, and export excess Fe 2+ through the coupled 
action of Fpn and Cp. Cp: ceruloplasmin; DMT1: divalent metal 
transporter 1; F: ferritin; Fpn: ferroportin; FR: ferrireductase; NTBI: non- 
transferrin bound iron; Tf: transferrin; TfR: transferrin receptor. 
doi:10.1371/journal.ppat.1004335.g001 

approach reveals differential expression of genes involved in iron 
homeostasis and heme metabolism in scrapie-infected mouse brains 
[10], and a molecular biology approach indicates altered expression 
of iron regulatory and storage proteins in distinct brain regions of 
scrapie-infected mice [11]. Alteration of iron metabolism is also 
noted in the spleen of scrapie-infected mice, the main peripheral 
organ drat replicates and accumulates peripherally introduced PrP s< 
[12]. Likewise, cell lines replicating PrP Sc in culture show altered 
expression of iron regulatory and storage proteins, supporting the in 
vivo observations [13]. Moreover, exposure to redox-active iron, 
hemin, or copper causes aggregation of cell-associated and 
recombinant PrP c to a detergent-insoluble form that, in some cases, 
induces aggregation of additional PrP c [14], suggesting that, once 
initiated, brain iron dyshomeostasis is likely to escalate prion disease 
pathogenesis by more than one pathway. 

What Is the Cause of Brain Iron Dyshomeostasis in 
Prion Disorders? 

Cumulative evidence suggests that accumulation of iron in 
PrP Sc aggregates combined with loss of function of PrP c in iron 
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Figure 2. Hypothetical model of brain iron dyshomeostasis in 
neurodegenerative disorders. Primary triggers of neurotoxicity 
include dysfunction or aggregation of the protein implicated in the 
pathogenesis of a specific neurodegenerative condition and other less 
defined factors including aging. Microglia and astrocytes respond to 
neuronal death and mount a protective response, which is soon 
overwhelmed by the accumulation of redox-active protein aggregates 
that induce neurotoxicity and accumulation of additional protein 
aggregates, increase in brain iron dyshomeostasis, and oxidative stress. 
These responses are inter-linked, and form a vicious cycle. Inflammatory 
response to neuronal death increases cytokine release that activates 
astrocytes and increases microglial activity and death with the release 
of intracellular iron. These events increase iron imbalance, redox-iron 
mediated protein aggregation, and significantly increase neurotoxicity. 
Brain iron dyshomeostasis occurs early and is one of the primary 
triggers of neurotoxicity if the pathogenic protein is involved in cellular 
iron metabolism. In other cases, iron dyshomeostasis is initiated by 
neuronal death, is fueled by microgliosis, activated astrocytes, and 
redox-active protein aggregates, and spirals when inflammation sets in, 
amplifying the neurotoxicity. 
doi:10.1371/journal.ppat.1004335.g002 

uptake contributes to the iron dyshomeostasis in prion disease 
affected brains. Thus, scrapie-infected mouse and hamster brain 
and spinal cord tissue show a phenotype of iron deficiency that 
increases with disease progression and correlates with PrP Sl , 
indicating a causal relationship [4,9]. The likely cause is sequestra- 
tion of iron in PrP' '-ferritin aggregates in a biologically unavailable 
form in the lysosomes of scrapie-infected cells [4,14]. These aggre- 
gates are relatively stable and co-purify from infected brain 
homogenates despite harsh purification conditions [4,15]. Like 
PrP Sc , ferritin from diseased brains resists protease digestion, is 
insoluble in detergents, and retains associated iron despite 
denaturation by heat and detergents [9]. Chelation of iron increases 
the sensitivity of PrP s< to protease digestion, indicating that iron 
stabilizes the structure of PrP Sc [14]. Notably, PrP s< and ferritin are 
co-transported across intestinal epithelial cells in vitro and in vivo, 
suggesting clinical implications of PrP St -ferritin aggregates beyond 
brain iron dyshomeostasis [15]. 

Additionally, conversion of PrP c to PrP Sc is likely to compro- 
mise its functional activity in cellular iron uptake, worsening the 
iron deficiency in diseased brains. PrP c promotes iron uptake by 
providing the necessary FR activity [7] , and its absence in PrP 1 
mice reduces the iron content of major systemic organs, 
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hematopoietic cells, and the brain [16]. Uptake of NTBI is affected 
more than Tf-iron as indicated by decreased iron content of liver 
and bone marrow macrophages of PrP 1 mice despite experi- 
mentally-induced systemic iron overload [7]. Reabsorption of 
NTBI from the glomerular filtrate is also reduced in PrP 7 mice, 
suggesting a prominent role of PrP c in kidney iron metabolism 
(unpublished observations). Introduction of PrP c in the PrP _/ ~ 
background restores iron metabolism to wild-type levels, under- 
scoring the functional role of PrP c in iron uptake [16]. Altered 
levels of iron in the brains of PrP 7 , wild type, and PrP- 
overexpressing mice as a function of PrP c expression have also 
been reported using X-ray fluorescence imaging, supporting these 
observations [17]. 

What Is the Cause of Brain Iron Dyshomeostasis in 
AD and PD? 

Regional accumulation of iron has been reported in AD and PD 
brains and results from distinct pathogenic processes [1]. In AD, 
iron accumulates in amyloid plaques in association with amyloid 
beta (AfS), a proteolytic product of the amyloid precursor protein 
(APP). A(3 binds iron with high affinity, rendering it redox-active. 
This causes localized accumulation of iron and aggregation of 
additional Af5, amplifying the process [5]. Moreover, APP 
mediates the export of excess neuronal iron by stabilizing Fpn 
and providing the necessary ferroxidase activity and is itself 
regulated by cellular iron through IRE sequences in its transcript 
[18,19]. The development of brain iron dyshomeostasis in AD is 
therefore complex and involves altered functional activity of APP, 
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sequestration of iron in A(3 aggregates, and additional processes 
discussed in a recent review [19]. A full understanding of the 
underlying mechanism, however, is lacking. 

PD has a multifactorial etiology and is associated with loss of 
dopamine (DA)-producing neurons in the substantia nigra (SN). 
Accumulation of iron in PD brains has been attributed to 
secondary causes such as mitochondrial dysfunction and release 
from iron-rich DA neurons. However, up-regulation of DMT1 
and down-regulation of Fpn in the SN of human cases and 
experimental models of PD suggests that accumulation of iron in 
PD is an active process, not a mere outcome of disease 
pathogenesis, and requires further exploration [20]. 

In conclusion, primary triggers that induce brain iron dyshomeos- 
tasis in sCJD, AD, and PD are specific to each disorder. Secondary 
events that follow neuronal injury are shared, each contributing to 
iron dyshomeostasis through distinct pathways (Figure 2). Ideally, 
therapeutic strategies should inhibit or block both processes and 
reduce iron-induced neurotoxicity by restoring brain iron homeo- 
stasis. This is a challenging task because most neurodegenerative 
conditions are initiated by multiple events, including aging, and are 
fuelled by several pathways that converge to neuronal demise. Iron 
dyshomeostasis is one pathway in this continuum of events that holds 
therapeutic promise and requires focused investigation. 
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